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Abstract: The diet of Antarctic salps was elucidated by investigating their gut content using automated
ribosomal intergenic spacer analysis (ARISA) and 454-pyrosequencing. Salp samples were collected
during the Lazarev Sea Krill Study in the western Weddell Sea (summer 2005–06 and 2007–08, autumn
2004 and winter 2006). Two salp species, Salpa thompsoni and Ihlea racovitzai, both occur in the
Southern Ocean and can overlap geographically and seasonally. We provide evidence that, despite the
non-selective feeding mechanism, the two co-occurring salp species might have different niches within a
habitat. ARISA-patterns of 93 gut content samples revealed strong differences between the two salp
species, even at the same sampling site. These differences were conﬁrmed by 454-pyrosequencing of the
V4-18S rDNA of ten salps. The pyrosequencing data indicate that ﬂagellates, in particular dinophyceae,
constitute a high proportion of the sequence reads identiﬁed in the gut content of both salp species.
However, within the dinophyceae, differences in the read composition were detected between the two
salp species. This supports the ﬁndings of a previous study where fatty acid signatures indicate a
ﬂagellate-based diet, even though microscopic analyses identiﬁed diatoms as the dominant component
of salp gut contents.
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Introduction
Polar regions harbour major biological resources and the
polar oceans are highly productive despite high seasonal
variability in environmental conditions. Salps are among
the most important metazoans in the Southern Ocean
(Pakhomov et al. 2002, Tanimura et al. 2008). The
abundance of salps has increased during recent decades
(Pakhomov et al. 2002, Atkinson et al. 2004). Due to their
high water content, salps have a relative low energetic
value for higher trophic levels (Dubischar et al. 2012). As
a consequence, drastic changes in the pelagic food web
structure, pathways of organic matter and feeding
conditions of Antarctic vertebrates (e.g. seals, penguins,
whales) should be expected if the dominance of salps
continues (Nicol et al. 2008). Two salp species occur in
the Southern Ocean. Salpa thompsoni (Foxton 1961) is
adapted to oceanic conditions of the Antarctic
Circumpolar Current (ACC) (Pakhomov et al. 2002)
and is mainly found north of the southern boundary
(Pakhomov et al. 2006). Ihlea racovitzai (Van Beneden &
Selys Longchamp 1913) is considered a cold water species
occurring in higher Antarctic latitudes (Pakhomov et al.
2011). However, the two salp species can overlap
geographically and seasonally (von Harbou et al. 2011,
Ono & Moteki 2013). Occasionally, intrusions of warm
water masses transport S. thompsoni to higher latitudes
(Pakhomov et al. 2011), and recent studies have reported
a southward shift of S. thompsoni as ocean warming
proceeds (Atkinson et al. 2004). As a consequence, there
might be competition between the two species for
phytoplankton, which may impact the distribution and
survival of I. racovitzai. To date it remains unclear
whether feeding behaviour or other mechanisms separate
these two species in the same environment. Species-
speciﬁc differences in food composition are unlikely as
salps are typical ﬁlter feeders and by contracting their
circumferential muscle bands they pump water through a
ﬁne-meshed ﬁlter that is continuously moved along their
pharyngeal cavity and then ingested along with the
trapped particles (Alldredge & Madin 1982). Filtered
water leaving the pharynx produces the thrust for jet-
propelled swimming, such that feeding and swimming is a
continuous process. Salp grazing can exert a signiﬁcant
impact on plankton communities (Tanimura et al. 2008).
The salp diet and feeding strategy was investigated during
the Lazarev Sea Krill Study (LAKRIS) by microscopic
and fatty acid analyses (von Harbou et al. 2011).
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Microscopic analysis of gut contents suggested that the
diets of S. thompsoni and I. racovitzai were similar,
consisting mainly of diatoms, and displayed limited
seasonality. In contrast, fatty acid analysis suggested
that ﬂagellates were the major component of the salp diet
and that there were differences in diet between the two
species. The generally high contribution of ﬂagellate
markers could reﬂect either a higher contribution of
ﬂagellates to the protist community in ambient waters or
a higher digestibility of naked ﬂagellates compared to
diatoms.
In the Lazarev Sea, phytoplankton blooms are mainly
composed of diatoms, while nano- and picoplankton
generally dominate the background phytoplankton
biomass (Pakhomov et al. 2002, Smetacek et al. 2004,
Mendes et al. 2013). Various taxonomic groups within
the ﬂagellates, e.g. prasinophytes, dinoﬂagellates and
cryptophytes, constitute important parts of the
picoeukaryote communities (Diez et al. 2004, Metﬁes
et al. 2010). Thus the ﬂagellate signal observed in the
fatty acid signature could be related to feeding on
picoeukaryote ﬂagellates. The assessment of picoeukaryotes
bymicroscopy is challenging due to their cell size and limited
morphological features.
The introduction of molecular techniques has facilitated
the assessment of the community compositions of marine
microbes, including picoeukaryotes (Wolf et al. 2013),
even in the gut content of krill (Tobe et al. 2010).
The genes coding for the ribosomal RNA (rRNA) are
particularly well suited for phylogenetic analysis and
taxonomic identiﬁcation because they are universally
present in all organisms. Furthermore, rRNA genes are
of relatively large size and contain both highly conserved
and variable regions with no evidence for lateral
gene transfer (Woese 1987). Molecular ﬁngerprinting
methods targeting the ribosomal operon, e.g. automated
ribosomal intergenic spacer analysis (ARISA) or terminal
restriction fragment length polymorphism (T-RFLP) of
ribosomal genes, are well-established, cost-effective tools
for quick comparative analyses of microbial communities
(Dunbar et al. 2000, Joo et al. 2010). ARISA is based on
analysing the size of intergenic spacer regions of the
ribosomal operon (Wolf et al. 2013), while T-RFLP
focuses on the size of restriction fragments generated
from a ribosomal gene (Joo et al. 2010). In both cases,
the composite of the resulting DNA fragments in a
sample is a characteristic ﬁngerprint of a microbial
community. However, it does not provide information
on the species composition. The assessment of microbial
species composition requires a more labour intensive
sequencing of marker-genes, e.g. rRNA genes. The
454-pyrosequencing high-throughput approach allows
assessment of microbial communities at high resolution,
based on sufﬁciently deep taxon sampling (Margulies
et al. 2005).
The current study, as part of LAKRIS, was carried out
to elucidate the feeding dynamics between the two salp
species. We investigated salp gut contents using molecular
methods that are independent of the size of the organism
or morphological markers. This involved the application
of molecular ﬁngerprinting and 454-pyrosequencing of
the 18S rDNA V4-region. We hypothesized that the
molecular analysis would show the presence of ﬂagellates
in the salp gut contents, as suggested by fatty acid data
(von Harbou et al. 2011), the limited seasonality and
the differences in the ingested food composition between
S. thompsoni and I. racovitzai.
Fig. 1.Map of the sampling sites in the Lazarev Sea during
four cruises (ANT XXI/4, ANT XXIII/2, ANT XXIV/2,
ANT XXIII/6).
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Material and methods
Samples
The salp samples were collected in the Lazarev Sea
(eastern Weddell Sea) on board the RV Polarstern for
LAKRIS during autumn 2004 (ANT XXI/4), summer
2005–06 (ANTXXIII/2), summer 2007–08 (ANTXXIV/2)
and winter 2006 (ANTXXIII/6) (Fig. 1 and Table S1 found
at http://dx.doi.org/10.1017/S0954102014000157).
The salps were collected using a multiple rectangular
midwater trawl type RMT8+1 harnessed with 4.5- and
0.3-mm mesh nets at a tow speed of c. 2.5 km h-1. The net
tows were completed as double oblique hauls in the upper
200 m of the water column. Subsequent to sampling
the salps were kept frozen at -4–-80°C. Details of the
sampling procedure are described by Pakhomov et al.
(2011) and von Harbou et al. (2011). The original study
did not carry out molecular analysis, thus the samples
analysed in this study are a limited set that were still
available. To avoid size-dependant variation in the gut
contents only solitary animals between 1.5–3 cmwere used.
Samples were thawed and the guts were dissected from the
animals. The resulting gut content samples were frozen at
-80°C until DNA extraction. We cannot exclude that the
two freezing and thawing cycles might impact the integrity
of the genomic DNA, i.e. DNA might be more vulnerable
to fragmentation (Fraser et al. 2011). This is a random
process that probably does not impact the overall structure
of the phytoplankton communities in the salp guts.
Isolation DNA
In total 93 specimens (52 S. thompsoni and 41 I. racovitzai)
were used to extract genomic DNA from the gut contents.
The extraction was carried out with the EZNA® SP Plant
DNA Mini Kit (Omega Bio-Tek) according to a slightly
modiﬁed manufacturer’s protocol. This included an
optimization of the elution step. The amount of genomic
DNA isolated from the samples was maximized by
incubating 30 µl elution buffer for 5minutes on the
column, retransferring the eluate and repeating the elution
step. Spectrophotometric quantiﬁcation of DNA was
performed with the NanoDrop®-1000 spectrophotometer
(NanoDrop Products, Wilmington, DE).
Automated ribosomal intergenic spacer analysis
The intergenic spacer region of the ribosomal operon was
ampliﬁed from the genomic DNA using the primers
1528F 5’-GTAGGTGAACCTGCAGAAGGATCA-3’
and ITS2 5’-GCTGCGTTCTTCATCGATGC-3’. Primer
1528F had at least one mismatch against the 18S rDNA
of each salp species and was ﬂuorescently labelled
with 6-FAM. The PCR-ampliﬁcations were performed
with a 20 µl volume in a thermal cycler (Eppendorf) using
1x HotMaster Taq buffer with Mg2+ 2.5 mM (5 Prime),
0.02 U HotMaster Taq DNA polymerase (5 Prime),
0.4 mgml-1 bovine serum albumin (BSA), 0.8 mM (of
each) deoxynucleotide triphosphates (dNTP; Eppendorf),
0.2 µM of each primer and 1 µl of template DNA
(20 ng µl-1). The ampliﬁcation was based on 35 cycles,
consisting of 94°C for 45 seconds, 55°C for 1 minute and
72°C for 3 minutes, preceded by 3 minutes denaturation
at 94°C and followed by a ﬁnal extension of 10 minutes at
72°C. The PCR fragment sizes were determined by an
analysis with a capillary sequencer (ABI 3130xL, Applied
Biosystems). The ARISA was carried out in three
replicates for each sample. Quality control and the data
analysis were carried out with the GeneMapper v4.0
software (Applied Biosystems). This included the
application of a 50 bp threshold for counting peaks to
exclude false positive peaks originating from primers or
by the formation of primer dimers.
Statistical analyses of automated ribosomal intergenic
spacer analysis
In an ARISA, the community is characterized by the
composition (presence/absence) of different DNA fragment
sizes. The DNA fragments are a result of the ampliﬁcation
of the internal transcribed spacer region of the ribosomal
operon, which displays a high degree of taxon-related
variability in its length. In this study, presence/absence
matrices, reﬂecting the community proﬁles of the samples,
were generated by binning the quality controlled raw data
obtained after size separation with the capillary sequencer
using the ‘Interactive Binner’ (http://www.mpi-bremen.de/
en/Software_2.html).Differences in the ARISA community
proﬁles were estimated by calculating the Jaccard index,
which is a statistical method used for comparing the
similarity and diversity of sample sets. It measures
the similarity between samples. The result of the analysis
was a distance matrix of the samples in the dataset, which
was visualized by multidimensional scaling (MDS) using
the vegan software package (http://r-forge.r-project.org/
projects/vegan/). Groups in the MDS plot were
determined a priori. The signiﬁcance of the grouping
was tested by analysing the similarity between the groups
with an ANOSIM. An ANOSIM is a multivariate,
non-parametric statistical method used for comparing
community compositions among groups of samples. All
statistical analyses were carried out within the R-package
(http://www.R-project.org/).
454-Pyrosequencing
ExtractedDNAwas used as a template for the ampliﬁcation
of the 18S rDNA V4-region using the primers 528F
5’-GCGGTAATTCCAGCTCCAA-3’ (Medlin et al.
2006) and 690R 5’-ATCCAAGAATTTCACCTCTGA-3’
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(Metﬁes & Medlin 2008). The reverse primer had one
mismatch against the 18S rDNA of each salp species in
order to avoid ampliﬁcation of the grazer rDNA. All
PCRs were performed in a ﬁnal volume of 50 µl and
contained: 0.02 U HotMaster Taq polymerase (5 Prime),
the 10-fold polymerase buffer according to manufacturer’s
speciﬁcation, 0.4 mgml-1 BSA, 0.8 mM (of each) dNTP
(Eppendorf), 0.2 µM of each primer and 1 µl of template
DNA. The PCR ampliﬁcation was performed in a
thermal cycler (Eppendorf) with an initial denaturation
(94°C, 5 minutes) followed by 35 cycles of denaturation
(94°C, 1 minute), annealing (58°C, 2 minutes) and
extension (72°C, 2 minutes) with a single ﬁnal extension
(72°C, 10 minutes). The PCR products were puriﬁed by
the application of the Mini Elute PCR Puriﬁcation kit
(QIAgen). Sequencing of the amplicon was performed
by GATC Biotech, Germany, using a 454 GS FLX
sequencer (Roche). Supported sequences had an
approximate length of 310 bp. Singletons were removed
after assembling all sequences with the software
Lasergene Seqman Pro (DNASTAR). The construction
of artiﬁcial taxonomic subdivisions was based on an
identity threshold of 97% on the 18S rRNA gene in
addition to a 50 bp match size.
Data analysis of the 454-pyrosequencing
Raw sequence reads were processed to obtain high quality
reads. The primer set used in this study ampliﬁed a PCR
product of c. 500 bp including the V4-region of the 18S
rRNA gene. The forward primer 528F attached c. 25 bp
upstream of the V4-region, which had an approximate
length of 230 bp (Nickrent & Sargent 1991). Thus, reads
with a length < 300 bp were excluded from further
analysis to ensure inclusion of the complete V4-region
and to exclude short reads. Unusually long reads, greater
than the expected amplicon size (> 670 bp), and reads
with more than one uncertain base (N) were also removed
from the analyses. Chimeric sequences in the remaining
dataset were eliminated from further analyses based on an
assessment using the software UCHIME 4.2 (Edgar et al.
2011). The resulting high quality reads of all gut content
samples were clustered into operational taxonomic units
(OTUs) at the 97% similarity level using the software
Lasergene 10 (DNASTAR). Subsequently, reads not
starting with the forward primer were manually
removed. Consensus sequences of each OTU were
generated. This reduced the amount of sequences to
operate with. However, it attenuated the inﬂuence of
sequencing errors and uncertain bases. The 97% similarity
level is the most suitable for reproducing original
microbial diversity (Behnke et al. 2010) and has the
effect of bracing most of the sequencing errors (Kunin
et al. 2010). The OTUs that comprised only one sequence
(singletons) were removed. The consensus sequences
were aligned using the software HMMER 2.3.2 (Finn
et al. 2011). Subsequently, taxonomic afﬁliation was
determined by placing the consensus sequences into a
reference tree, containing around 1200 high quality
sequences of Eukarya from the SILVA reference
Fig. 2. MetaMDS-plot of differences
between the ARISA proﬁles generated
from the salp gut contents. Differences
were calculated using the Jaccard index.
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database (SSU Ref 108), using the software pplacer 1.0
(Matsen et al. 2010). The OTUs assigned to fungi and
metazoans were excluded from the analysis. Rarefaction
curves were computed using the freeware program
Analytic Rarefaction 1.3.
The sequences generated in this study have been
deposited at the GenBank short read archive (accession
SRA109294).
Results
Automated ribosomal intergenic spacer analysis
The genomic DNA from 93 salp gut content samples was
subjected to ARISA. Based on the Jaccard index
distances the ARISA proﬁles group into three distinct
clusters in a metaMDS-plot (Fig. 2). The community
proﬁles within a cluster are more similar to each other
than to the community proﬁles of the other clusters. The
clustering is supported by an ANOSIM (r= 0.46,
P= 0.001). However, the clustering of the samples is
not correlated to sampling seasons or cruises. Cluster I
contains 50 I. racovitzai specimens and two S. thompsoni,
collected across all four cruises. Cluster II contains four
I. racovitzai specimens and 19 S. thompsoni, sampled
during the autumn 2004 cruise. Cluster III contains 20
S. thompsoni specimens collected during three different
cruises.
Variability in the gut contents of specimens collected
at the same sampling site was assessed at thirteen
locations (Table S1). At ten stations, specimens of both
S. thompsoni and I. racovitzai were available. At six
stations, three specimens were available for S. thompsoni
and I. racovitzai. At one station, there were two
I. racovitzai specimens available. The ARISA proﬁles
from specimens of the same species collected at the same
sampling site (e.g. S_43A–C, S_42A–C or I_44A–B) are
located in close proximity on the metaMDS-plot,
suggesting that the gut contents were similar. In
contrast, S. thompsoni and I. racovitzai specimens
collected at the same sampling site were positioned
in different clusters (Fig. 2). Differences between
S. thompsoni and I. racovitzai were assessed by
analysing the gut contents of both species from ten
sampling sites (Table S1). The ARISA proﬁles suggest
that the gut contents of S. thompsoni and I. racovitzai
were signiﬁcantly different at the majority of the ten
sampling sites (Fig. 2).
In order to test the impact of spatial distribution and
environmental conditions on the clustering of the ARISA
proﬁles we carried out Mantel-Tests. The tests did
not show a signiﬁcant correlation (data not shown).
Thus the clustering of the ARISA proﬁles could not be
explained by spatial distribution or the available ambient
environmental parameters (ice, temperature and ice
coverage).
454-Pyrosequencing
A high-resolution, taxon-speciﬁc analysis of the gut
contents of ﬁve I. racovitzai specimens collected across
all four cruises and ﬁve S. thompsoni specimens collected
Fig. 3. Results of the
454-pyrosequencing of the 18S
rDNA V4-region ampliﬁed from
the gut contents of S. thompsoni
and I. racovitzai. The diagrams
include all taxonomic groups
identiﬁed in the dataset.
a. Comparison of 18S rDNA
composition in the gut contents
of one I. racovitzai specimen and
ﬁve S. thompsoni specimens
collected during ANT XXI/4 to
elucidate differences in the
ingested food signal of the two
salp species. b. Comparison of
the 18S rDNA composition in
the gut contents of four
I. racovitzai specimens collected
across all four cruises (ANT
XXI/4, ANT XXIII/2, ANT
XXIV/2, ANT XXIII/6) to
elucidate seasonal patterns in
the ingested food signal of
this salp species.
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during the autumn cruise was carried out by
454-pyrosequencing of the 18S rDNA V4-region (Fig. 3).
A total of 12 578 raw reads with c. 1000 raw reads per
sample were obtained. Subsequent to quality ﬁltering, the
raw reads clustered into 201 OTUs. The number of OTUs
per sample was highest within sample I_09A (112 OTUs)
and lowest in sample S_43B (ten OTUs). Due to the
mismatch of the reverse primer to the 18S rRNA gene of
salps, the PCR-ampliﬁcation was strongly biased against
the 18S rDNA sequence of salps. Less than 3% of the
reads originated from salps, which were excluded from
the analysis. The analyses revealed a highly similar
composition of the sequence reads at higher taxonomic
level. In all ten sequence libraries, the vast majority of the
sequence reads (c. 70%) were afﬁliated with dinophyceae
(Fig. 3). Sequences afﬁliating with diatoms from the
genera Rhizosolenia sp., Thalassiosira sp., Nitzschia sp.,
Navicula sp., Fragilariopsis sp., Leptocylindrus sp. and
Skeletonema sp. were found in the rare biosphere (< 1% of
all sequence reads).
The read compositions from the gut contents of
S. thompsoni specimens collected from the same sampling
site were more similar to each other than to the gut
contents of specimens from the other sites on the
same cruise. The read compositions retrieved from gut
contents of S. thompsoni and I. racovitzai collected at the
same sampling site were different. At station 657, ciliate
sequences were detected in the gut contents of
S. thompsoni but not in I. racovitzai. A more detailed
comparison of the dinoﬂagellate composition in the gut
contents of salps collected during the autumn cruise
revealed differences in the dinoﬂagellates ingested by
S. thompsoni vs I. racovitzai (Fig. 4). The proportion of
sequences annotated as ‘uncultured dinoﬂagellate Typ 18’
(contig 17) found in the gut contents of the I. racovitzai
specimens was higher than in S. thompsoni. In contrast,
the gut contents of S. thompsoni contained more
sequences related to ‘dinoﬂagellate group II’ (e.g. contig
77) and ‘uncultured dinoﬂagellate Typ 21’ (contig 226)
than I. racovitzai. At a higher taxonomic level, our data
suggests that there is only a modest seasonal variation in
the protist composition in the salp gut contents. However,
signiﬁcant differences in the ingested food composition
were found between S. thompsoni and I. racovitzai at the
species level.
Discussion
Salps are ﬁlter feeders, a non-selective feeding strategy that
makes them dependent on the available food composition
(Vargas & Madin 2004). Previous microscopic studies
have suggested that the phytoplankton composition
found in the gut contents of salps reﬂect the ambient
phytoplankton communities (Vargas & Madin 2004,
Tanimura et al. 2008). Even during winter time, when
phytoplankton biomass is low, salps concentrate the
chlorophyll and thus the phytoplankton in their guts
(von Harbou et al. 2011). Microscopic examination of the
salp gut contents suggested that the two species had
similar diets, consisting mainly of diatoms, during both
summer and autumn (von Harbou et al. 2011). On the
Fig. 4. Results of the 454-pyrosequencing with special focus
onto dinophyceae (dinoﬂagellates). a. Comparison of the
dinophyceae 18S rDNA composition in the gut contents of
I. racovitzai and S. thompsoni collected during ANT XXI/4.
b. Comparison of the dinophyceae 18S rDNA composition
in the gut contents of I. racovitzai collected across all four
cruises (ANT XXI/4, ANT XXIII/2, ANT XXIV/2, ANT
XXIII/6) to elucidate seasonal patterns.
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contrary, cluster analysis of fatty acid compositions
revealed a ﬂagellate-based diet, with no signiﬁcant
seasonal variability, and differences in diet between the
two salp species (von Harbou et al. 2011). Our study
aimed to resolve the contradictory results from the
microscopy and fatty acid analyses. We were able to
obtain a sufﬁcient number of salp samples enabling
additional molecular studies of the salp gut contents.
Clustering of the ARISA proﬁles conﬁrmed the results of
the fatty acid analyses. It showed a clear difference
between S. thompsoni and I. racovitzai, but no signiﬁcant
seasonal variability. The statistical signiﬁcance of seasonal
variation could only be investigated in I. racovitzai. The
ARISA proﬁles retrieved from the gut contents of
I. racovitzai did not cluster according to sampling
season, they grouped randomly in a distinct cluster that
was signiﬁcantly separated from the two other clusters
consisting mainly of ARISA proﬁles retrieved from the
gut contents of S. thompsoni. The ARISA proﬁles of the
very limited number of seasonal samples of S. thompsoni
display a strong clustering of this species in two major
subgroups. One of the subgroups (Cluster II) contains
exclusively ARISA proﬁles originating from the autumn
study. The clustering could not be further related to any
environmental data. These observations suggest that the
S. thompsoni diet does not reﬂect the seasonal variation
of phytoplankton and the strong relationship of
phytoplankton to hydrographical fronts which have been
recently demonstrated using the same molecular approach
by Wolf et al. (2013).
Fatty acids are considered conservative tracers for the
long-term dietary preferences of the consumer (Dalsgaard
et al. 2003). During LAKRIS a higher proportion of
ﬂagellate markers than diatom markers were observed in
the salps, which was opposite to microscopic observations
of the gut contents (von Harbou et al. 2011). The authors
proposed that digestion efﬁciencies might be responsible
for this signal. However, sequencing of the gut contents of
specimens of I. racovitzai and S. thompsoni collected in
the autumn suggests that the fatty acid signature may
reﬂect the actual composition of the ingested food.
Although our sequencing data reveal the occurrence of
diatoms in the gut content of the salps, the vast majority
of sequence reads derived from the gut contents of both
species were afﬁliated to the ﬂagellates of the class
dinophyceae. However, the relative number of sequences
in an environmental 18S rDNA sequence library only
provides an estimate of the relative abundance of
organisms in an environmental sample. Different
taxonomic groups contain different copy numbers of
ribosomal genes in their genomes (Zhu et al. 2005).
In the future, re-analysing the samples via quantitative
PCR might provide quantitative information on the
phytoplankton composition in the salp gut contents.
The sequence data are a reliable indicator for the presence
of a taxon in a sample. Thus the current dataset shows that
dinophyceae were a food item for salps, but the relative
contribution of dinophyceae to the phytoplankton
community in the salp gut contents might be different
from the one indicated by pyrosequencing. Nevertheless,
the high contribution of dinophyceae to the sequence
libraries in this study is in agreement with the high
occurrence of fatty acids indicative of dinophyceae, e.g.
18:4 (n-3) (Dalsgaard et al. 2003, von Harbou et al. 2011).
Previous studies have also found dinoﬂagellates in salp
diets in the Southern Ocean (Perissinotto et al. 2007).
Heterotrophic dinoﬂagellates are considered to be an
important member of the phytoplankton communities in
the Southern Ocean, particularly during the winter
(Garrison et al. 1993), and autotrophic dinoﬂagellates
may contribute up to 25% of the protozoan assemblage in
the summer (von Bodungen et al. 1988).
In summary, these observations suggest that, for salps,
dinophyceae could be a major food source that is present
in the water column throughout most of the year. The
ability to use small ﬂagellates, e.g. dinophyceae or
cryptophyceae (Moline et al. 2004), as a major food
source might be a competitive advantage for salps over
krill in a changing Antarctic environment. To study the
competition between the two species molecular studies
and fatty acid composition of the ingested food of krill
would be required.
The fatty acid 18:5 (n-3), indicative of prymnesiophytes
(Nichols et al. 1991), was not observed in LAKRIS (von
Harbou et al. 2011). Furthermore, Phaeocystis antarctica,
the most abundant prymnesiophyte in the Southern
Ocean, was not observed either (von Harbou et al.
2011). Therefore, it was not a concern that the reverse
primer 690R did not perfectly amplify the 18S rDNA of
prymnesiophytes.
Even though ribosomal sequences retrieved from the
gut contents of both salp species were dominated by
dinophyceae, they displayed differences in composition.
These differences probably account for the clustering of
the ARISA proﬁles. Three phylotypes assigned to
dinophyceae displayed signiﬁcant differences in their
contribution to the gut contents of S. thompsoni and
I. racovitzai. However, it was not possible to annotate
them even at genus level because the ribosomal databases
currently contain only a limited set of sequences from
taxonomically well-characterized reference cultures. The
differences between the two species might be related to
inhabiting different vertical or spatial niches in the water
column (von Harbou et al. 2011). Nevertheless, our
ﬁndings indicate that the co-occurring S. thompsoni and
I. racovitzai had different diets.
The molecular data show concordance with the fatty
acid data, indicating a year-round, high contribution of
dinophyceae to the salp diet. It is probable that the
ﬂagellate fatty acid signature and the dinophyceae
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sequences identiﬁed in this study originated from small
cells that were undetectable by microscopic assessment.
These ﬁndings suggest that salps in the Lazarev Sea might
not be relying solely on diatom blooms, which might give
these ﬁlter feeders a competitive advantage in an
ecosystem facing environmental change that is expected
to impact the timing and extent of phytoplankton blooms.
However, the number of ribosomal sequences retrieved
from well-characterized reference cultures is currently not
sufﬁcient to provide information on cell size or to identify
the species of the organisms related to the sequences
detected in the salp gut contents. Thus there is an urgent
need for projects that focus on the cultivation and
taxonomic characterization of reference organisms that
are related to the environmental sequences in the
ribosomal databases. This would not only improve the
phylogenetic annotation of ribosomal sequences, but also
enable establishment of the cell size.
Conclusions
To our knowledge this is the ﬁrst study that has applied
molecular methods to investigate the gut contents of salps.
Using ARISA patterns and 454-pyrosequencing of the
V4-18S rDNA, we showed that dinophyceae (ﬂagellates)
contribute to the diet of S. thompsoni and I. racovitzai.
Furthermore, there are strong differences in diet between the
two co-occurring salp species and limited seasonality of
ingested food. These ﬁndings support the previous study
where fatty acid signatures indicated a ﬂagellate-based diet.
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